Abstract. Streptococcus suis (S. suis) type 2 is an extremely important Gram-positive bacterial pathogen that can cause human or swine endocarditis, meningitis, bronchopneumonia, arthritis and sepsis. Catabolite control protein A (CcpA) is a major transcriptional regulator in S. suis type 2 that functions in catabolite control, specifically during growth on glucose or galactose. The regulation of central metabolism can affect the virulence of bacteria. In the present study, a metabolomics approach was used along with principal components analysis (PCA) and partial least-squares-discriminant analysis (PLS-DA) models and 37 metabolites were found that differed substantially between native S. suis and a mutant lacking CcpA. These results showed that CcpA is an important protein in S. suis type 2 for studying bacterial protein function.
Introduction
Streptococcus suis (S. suis) type 2 is an important Gram-positive bacterial pathogen of pigs that causes large economic losses in the meat industry, has a high rate of incidence and induces mortality worldwide (1, 2) .
Carbon catabolite repression (CCR) has a significant function in S. suis type 2 as it regulates the utilization of different carbon sources. CCR also affects the expression of numerous virulence factors that are dependent on the quantity and type of carbohydrates present (3, 4) . Catabolite control protein A (CcpA) is the major regulator of CCR in Gram-positive bacteria and is also involved in the regulation of virulence factors (5) . Transcriptomic studies that compare native and mutant strains are a powerful approach for studying the regulation of carbohydrate metabolism and virulence (6) . A previous study has shown that the mutation of CcpA leads to altered biofilm phenotypes in Streptococcus mutans (S. mutans) and other oral streptococci (7) . CcpA was suggested to function in the regulation of virulence in numerous Gram-positive pathogens, particularly streptococci (8, 9) .
Our previous study systematically analyzed the virulence in S. suis type 2 using proteomics and found that CcpA is an important protein in this organism (10) . In the present study, a metabolomics experiments was performed to identify the proteins and metabolites that differed in S. suis type 2 CcpA mutant strains. These results confirmed the importance of this protein in the organism.
Materials and methods
Bacterial strains and culture conditions. Native S. suis type 2 and CcpA mutant strains were cultured in Todd-Hewitt broth (Oxoid Ltd., Basingstoke, Hampshire, UK) with 5% CO 2 at 37˚C. This procedure was conducted to prepare cultures in the exponential growth phase for the subsequent experiments.
Metabolomics methodology and analysis. Quenching of the S. suis culture for the metabolomics experiments was performed by adding 60% MeOH and 0.85% (w/v) ammonium carbonate (pH 5.5). Centrifugation was performed at 10,000 x g for 2 min. The supernatants were then frozen in liquid nitrogen, freeze-dried and stored at -80˚C until they were required for subsequent analysis. The regulation of amino acid metabolism by CcpA was detected using liquid chromatography-mass spectrometry (LC-MS)-based metabolomic methods. The results were analyzed using MassHunter software (version B.03.01) from Agilent Technologies, Inc. (Santa Clara, CA, USA). The principal components analysis (PCA) and partial least squares-discriminant analysis (PLS-DA) were performed with the SIMCA-P software package (Umetrics, Inc., Umea, Sweden). The differentially expressed compounds were distinguished by P<0.05, which was considered to indicate a statistically significant difference (11, 12 
Results

Differences in metabolites between the bacterial strains.
PCA and PLS-DA were used to analyze the metabolomics data. There was little overlap with the PCA model, suggesting this was appropriate for use in the present study. However, it was determined that PLS-DA should be used as the main model for analyzing the metabolomics samples as previously described (13) . Based on the PLS-DA models, the native S. suis type 2 and CcpA mutant strains were successfully discriminated, with an R2X value of 0.439 and a Q2 value of 0.924 in the electrospray ionization (ESI)+ model using variable importance in the projection (VIP) of the first and second principal components (t [1] and t [2] , respectively). An R2X value of 0.452 and a Q2 value of 0.878 were obtained with the ESI-model (Fig. 1) . Using the T-test on the PLS-DA model, 37 differential metabolites were identified with a VIP score >1 (Table I) . The model analysis suggested that the main differences were for the metabolites that were involved in amino acid, nucleic acid and fat metabolism, which all occur in the liver.
Discussion
S. suis type 2 is persistent in a wide variety of environmental conditions and this contributes to the serious economic losses endured by the swine industry when disease outbreaks occur. Another major concern to public health is the elusive mechanisms of invasion and infection, which remain to be clarified (14, 15) . CcpA-independent CCR appears to be important for the coordination of carbohydrate catabolism in this organism. The ability to integrate information regarding the metabolic status of the cells with a knowledge of the transcriptional responses would be advantageous. The mechanisms of catabolite control by CcpA have been studied in model bacteria previously (6) . Transcriptomics and microarray studies have shown that this protein regulates carbohydrate metabolism in S. mutans (6) . The deletion of CcpA substantially reduced the effects of repressing sugars on α-or β-glucosidase activity. CcpA regulates several proteins that are involved in metabolism, a number of which are important for bacterial colonization, survival or replication in vivo (16) . CcpA is part of a conserved pathway in Gram-positive bacteria that controls sugar utilization, and targeting this protein or pathway is an attractive mechanism for diminishing virulence (17) . CcpA also affects sugar metabolism and virulence in S. suis type 2 and mutant strains lacking this protein exhibit a reduced expression of certain virulence genes, including sly and eno (1) . CcpA is considered to regulate virulence factors through the expression of genes in the capsule locus (18) . This is reminiscent of a functional study in Streptococcus pneumoniae, which showed that CcpA is a master regulator of catabolism and virulence (19) . A notable impact on the capsule synthesis and virulence properties of S. suis has also been shown (20) . The LC-MS-based metabolomics experiments in the present study suggested that CcpA is involved in the regulation of amino acid metabolism, which may affect the metabolic fitness and is in accordance with the findings of other studies (21) . The PLS-DA model showed that CcpA acts as a regulator of catabolite control, and has a particular influence on the metabolism of sugars, fats and amino acids.
The experiments also showed that CcpA is an important regulator of metabolism in S. suis type 2. Additionally, the analysis of the metabolomics results identified numerous metabolites, including ABC transporters, amino sugars, carbon metabolism, glycolysis and galactose metabolism. This result indicates that CcpA may be involved in mediating metabolic networks and coordinating the regulation of catabolism and anabolism to ensure optimum growth and propagation under particular growth conditions. Notably, Bacillus subtilis mutants lacking CcpA have a slower growth rate than native bacteria in minimal media containing glucose and ammonium as carbon and nitrogen sources (22, 23) . This result suggests that CcpA may regulate carbon and nitrogen metabolic pathways and function in connecting catabolism and anabolism.
From the data of the metabolomics analyses, it was found that glutamate, glutamine and other deviants and enzymes have different effects between the native S. suis type 2 and CcpA mutant strains. These, and other genes, were found to have extremely important effects for the methionine acquisition and synthesis of Streptococcus pneumoniae in the growth and virulence when using gene deletions methods (24) . By contrast, the methionine aminopeptidase is a dinuclear metalloprotease, which is conserved in all forms of life in bacteria (25) . Others, including the glutamine, glutamate and uridine biosynthesis and transport, are stringently controlled during bacteria metabolism (26) (27) (28) . Thus, these results may provide a clear insight into the regulation of glutamine and glutamate metabolism or another mechanism of S. suis type 2 mediated by CcpA.
In conclusion, the metabolomics analyses performed in the present study proved useful for studying bacterial protein function. CcpA was found to affect numerous metabolic pathways in S. suis. The apparent associations with the metabolism of sugars, amino acids, amino sugars, nucleotides and ABC transporters are potentially noteworthy. However, more studies are required to confirm and understand these phenomena.
